The success of mesenchymal stem cell transplantation is highly dependent on their survival and controlled fate regulation. This study demonstrates that dual-delivery of connective tissue growth factor (CTGF) and fibroblast growth factor 2 (FGF-2) from a core-shell fiber of Silk Fibroin/poly(Llactic acid-co-ε-caprolactone)-polyethylene oxide (SF/PLCL-PEO) enhanced fibrogenic lineage differentiation of MSCs. The core-shell structure was confirmed by transmission electron microscopy (TEM), fluorescence microscopy and attenuated total reflection (ATR) Fourier transform infrared (FTIR) spectroscopy. A sequential release of FGF-2 and CTGF was successfully achieved in this manner. FGF-2 plays an important role in stem cell proliferation and, meanwhile when accompanied with CTGF, has a slightly additive effect on fibrogenic differentiation of MSCs, whereas CTGF promotes fibrogenesis and alleviates osteogenesis, chondrogenesis and adipogenesis.
Preparation of Electrospinning Solution and Electrospinning of Coaxial Fibers. PLCL copolymer
(70:30 lactic acid: caprolactone, Rosomer, Evonic) and poly(ethylene oxide)(PEO) (Sigma-Aldrich, St. Louis, USA) were dissolved in hexafluoroisopropanol (HFIP, Sigma-Aldrich) solvents to obtain a final concentration of 19 .2% (w/v) and 4.8% (w/v) used as shell solution. SF with the concentration of 7.2% (w/v) was used as the core solution. The concentrations of PLCL (19.2%, w/v) and PEO (4.8%, w/v) were selected as the shell solution. 160 ng FGF-2/1.6 µg BSA was added to 1 ml shell solution; 1.6 µg CTGF/0.8 µg BSA was added to 0.2 ml core solution. For characterization of produced coaxial fibers by fluorescence imaging, 1 mg Tetramethyl rhodamine Bovine Serum Albumin (BSA) (Life technologies, Carlsbad, CA) was added to 1 ml core solution with SF and 1 mg Fluorescein isothiocyanate (FITC)-BSA (Sigma) was added to 1 ml shell solution with PLCL-PEO.
The coaxial needle consists of an inner needle with a diameter of 0.7 mm and an outer needle with a diameter of 1.8 mm. A high voltage power supply was applied between the coaxial needle and a grounded rotary drum collector. The core solution was injected at a controlled flow rate of 0.20 ml/h and the shell solution at 1.0 ml/h. The distance between the needles and the collector was set to 13 cm. All of the electrospun fibers were obtained at room temperature with a relative humidity of 37-45%. The obtained fibers were dried under vacuum (Labconco Freezone TriadTM) overnight to remove the excess solvents before further use. The fibers were then punched out as 6 mm Ø (~0.3 cm 2 ) or 12 mm Ø (~1.1 cm 2 ) scaffolds.
Characterization of Fibers by Scanning Electron Microscopy, transmission electron microscopy and fluorescence microscopy.
The morphologies of the electrospun fibers were examined with a high-resolution scanning electron microscopy (SEM) (FEI, Nova 600 NanoSEM). The fibers were placed directly into the SEM chamber without any metal sputtering or coating. All the images were captured using a secondary electron detector with an acceleration voltage of 5 kV under low vacuum conditions.
The core-shell structure of the SF/PLCL fibers was characterized by Transmission electron microscopy (TEM, Tecnai G2 Spirit, FEI Co.). The specimen was prepared by direct deposition of the electrospun fibers onto a carbon film coated copper grid (Ted Pella, Inc., Redding, CA). Images of SF/PLCL fibers were obtained at 120 kV.
To confirm the presences and distribution of TetramethylrhodamineBSA in the core of fibers and FITC-BSA in the shell of fibers, observations of Silk-TetramethylrhodamineBSA/PLCL-PEO-FITC-BSA fibers deposited on microscope glass slides were performed on a Zeiss LSM 700 laser confocal microscope (Carl Zeiss Micro-Imaging GmbH, Germany) and EVOS FL Auto Cell imaging system (Life Technologies, Carlsbad, CA, USA).
Water Contact Angle Analysis. Water contact angle measurements were used to explore the surface wettability of the electrospun scaffold. All images of distilled water dropped onto the electrospun scaffolds were Scientific RepoRts | 7: 8509 | DOI:10.1038/s41598-017-08226-0 recorded using a Drop Shape Analyzer DSA100 (KRUSS GmbH, Hamburg, Germany), the images of the droplets on the scaffolds after 100 s were visualized and analyzed. The reported contact angle is the average of 3 measurements from different positions.
Attenuated Total Reflection (ATR) Fourier Transform Infrared (FTIR) Spectroscopy. The
ATR-FTIR spectra were recorded in the region of 4000-500 cm −1 using a Vertex 70 V vacuum spectrometer (Bruker) equipped with a diamond ATR crystal and a Deuterated Lanthanum α Alanine doped TriGlycine Sulphate (DLaTGS) detector. The resolution was set at 2 cm −1 and total of 64 scans were averaged to obtain one spectrum. The measurements were repeated at different locations on all the samples.
In Vitro Release Profile. For in vitro release study, composite electrospun fibrous mats with FGF-2 loaded in shell and CTGF loaded in the core were tested. Each mesh weighing about 35 mg was soaked in 1 ml culture medium. The fibrous mats were incubated at 37 °C in a humidified atmosphere of 5% CO 2 . At specified time points, the release medium was completely removed and stored at −20 °C for analysis, and 1 ml of fresh medium was replenished for continuing incubation. The amount of FGF-2 and CTGF released from samples were quantified using the human FGF-2 ELISA kit (Peprotech Nordic, Sweden) and human CTGF ELISA kit (Peprotech Nordic, Sweden) respectively. The release of FGF-2 and CTGF were quantified up to 14 days and the results were presented in terms of accumulative release percentage as a function of release time, all samples were run in triplicates.
Cell Culture and Cell Seeding on Scaffolds. Rat mesenchymal stem cells from bone marrow (rMSCs)
(Lonza, Switzerland) were purchased with their mesenchymal characteristics verified. These rMSCs from bone marrows are positive for surface markers CD29 and CD90, and negative for CD11b, CD34, and CD45. Cultures were maintained in rat mesenchymal stem cell growth medium (MSCGM) containing basal medium (MSCBM) supplemented with 10% mesenchymal stem cell growth supplement, 100U/ml gentamycin/ampicillin and 10% L-Glutamate (Lonza). Cells were grown at 37 °C in a humidified atmosphere of 5% CO 2 . Cells were enzymatically treated with Trypsin for passaging every 5-7 days. Passage 3 to 5 of rMSCs were used for cell differentiation experiment.
Cells were seeded and cultured with growth medium onto each group of samples at a density of 2 × 10 4 cells cm −2 in 48-well plates. For the cells seeded on 4 groups of scaffolds, cells were kept in MSCGM and differentiated for a 2-week period, with conditioned medium change every third day.
Control experiments with cells cultured in differentiation media were conducted for a 2-week period. Osteogenic medium is consisting of DMEM-high glucose (Gibco, Life Technologies, Waltham, MA, America), 10% (v/v) FBS, 290 nM ascorbic acid-2-phosphate (Sigma Aldrich, America), 5 mM β-glycerophosphate (Sigma Aldrich), 100 nM dexamethasone (Sigma Aldrich) and 1% (v/v) penicillin/streptomycin (Gibco, Life Technologies). Chondrogenic differentiation medium is consisting of DMEM-high glucose (Gibco, Life Technologies, Waltham, MA, America), 10% (v/v) FBS, 1 µM ascorbic acid-2-phosphate (Sigma Aldrich, America), 100 nM dexamethasone (Sigma Aldrich) with 10 ng/ml TGFβ-3 (Life Technologies) and 1% (v/v) penicillin/streptomycin (Gibco, Life Technologies).
Cytotoxicity Test (lactate dehydrogenase (LDH) activity).
After 24 hours of cell seeding, the LDH activity in the collected culture media was taken as an indicator of damaged cells. The activity of the cytosolic enzyme was estimated according to the manufacturer's kit instructions (Roche Diagnostics, Mannheim, Germany), by assessing the rate of oxidation of NADH at 490 nm in the presence of pyruvate. Results from all the samples were presented relative to the LDH activity in the medium without cells cultured on TCP (low control, 0% of cell death) and of cells cultured on TCP treated with 0.1% Triton X-100 (high control, 100% cell death). The percentage of LDH activity was calculated using the equation 1:
exp value low control high control low control 100 (1) Live/Dead Staining. To analyze the viability of the cells, a cell viability kit (Ready Probes, Thermo Fisher Scientific) was used. One day after the cell seeding, NucBlue and NucGreen for all cells and dead cells respectively were introduced to the cell culture media. Images were taken after 15 min of incubation with the dyes, using a microscope, EVOS FL Auto (Thermo Fisher), at 20x magnification. Acquired images were analyzed using ImageJ software (NIH). Randomly selected areas (n ≥ 3) were used to count the number of live and dead cells (n ≥ 200).
Cell Viability/Proliferation. Cell viability and proliferation of 7 days' culture was assayed with Cell
Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan). Briefly, cell culture medium was removed, 4 groups of scaffolds were immersed with a diluted CCK-8 solution (20 µl of CCK-8 reagent in 200 µl fresh cell culture medium) in each well and incubated for 1 hour. The same volumes of culture medium and CCK-reagent without cells also incubated as the background. 100 µl of the solution was transferred into a 96-well plate, and the absorbance at 450 nm was measured for each well as above. The cell proliferation was examined after incubation on day 1, 3, 7 and 14, sextuplicate exposures of each sample were made under the same conditions.
Real-time PCR. Total RNA was isolated using TRIzol (Sigma Aldrich, Schnelldorf, Germany) according to the manufacturer's protocol. The resulting total RNA quantified using a Nanodrop ND-1000 (NanoDrop Technologies, Inc.) with OD260/280 nm ratios between 1.8 and 2.0 were used for cDNA synthesis, and stored at −80 °C prior to reverse transcription. 800 ng RNA was reverse transcribed to cDNA at 37 °C for 60 min using High Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, CA). For mRNA quantification, real-time quantitative PCR reactions with the cDNA samples were performed in a Lightcycler 480 ® (Roche Diagnostics, Mannheim, Germany) using SYBR green (Roche) detection with primers listed in Table 1 . Fold differences were calculated using the standard ∆∆Ct method with GAPDH as the housekeeping. In PCRs with efficiencies approaching 100%, the amount of internal reference gene relative to a calibrator (fold change between two Ct values) is given by the equation 2:
Immunocytochemistry. Cellular morphology was visualized at week1 and week2 using fluorescence microscopy. Briefly, cells and cell-laden constructs were fixed with 4% paraformaldehyde (PFA) in PBS (pH7.4) for 10 min at room temperature (RT). After rinsing with PBS for three times, the samples were placed in a permeabilization solution with 0.1% (v/v) Triton X-100 for 10 min and rinsed again with fresh PBS for three times. 
Results

Characterization of electrospun SF/PLCL-PEO coaxial nanofibrous scaffolds. Coaxial electrospin-
ning with co-occurrence of core and shell solutions, each dispensing at defined flow rates, requires preliminary experiments to adjust both electrospinning parameters (voltage, flow rates, nozzle-to-collector distance etc) and solution parameters (viscosity/concentration, solvents etc) for optimizing the electrospinning stability and fiber morphology ( Fig. S1 ). Keeping electrospinning parameters constant and SF with a concentration of 7.2 w/v%, varying PLCL from 13 to 20 w/v% was able to render the particle morphology to fiber morphology, attributed to the increased solution viscosity. (Fig. 1 ). The TEM image in Fig. 1A ' clearly demonstrated the core-shell structure of SF/PLCL-PEO. As further evaluation of localization of proteins in the core-shell structure, fluorescence imaging demonstrated that the core emitted red fluorescence, suggesting the presence of Tetramethylrhodamine-labeled BSA protein loaded in the core, and the shell emitted green fluorescence, suggesting the presence of FITC-labeled BSA protein loaded in the shell (Fig. 2, S2) .
The surface wettability of SF/PLCL-PEO was analyzed through water contact angles measurement and the fibers appeared to be hydrophilic, absorbing water quickly and presenting a water contact angle of 12.3 ± 1.3° at 100 s (Fig. 3A) .
Attenuated total reflection (ATR) is used in conjunction with infrared spectroscopy to enable samples to be examined (with a penetration depth of 0.5-1.5 µm) directly in the solid or liquid state without further preparation. ATR-FTIR spectra of electrospun fibers of SF/PLCL-PEO along with individual components are shown in Fig. 3B . The two peaks at 2945 and 2888 cm −1 corresponded to asymmetric CH 2 stretching ν as (CH 2 ) and symmetric CH 2 stretching ν s (CH 2 ), respectively [29] [30] [31] . Carbonyl stretching ν(C = O) from PLCL was found at 1751 cm −1 . The asymmetric deformation of CH 3 and symmetric deformation of CH 3 were found at 1454 cm −1 and at 1360 cm −1 , respectively. Asymmetric stretching ν as (C-O-C) and twisting τ(CH 3 ), symmetric stretching ν s (C-O-C), symmetrical stretching were found at 1183 cm −1 and 1084 cm −1 , respectively. Moreover, the peaks appeared at around 1341 cm −1 (the CH2 wagging), 961 cm −1 (the symmetric CH2 rocking) and 1062 cm −1 (the COC asymmetric stretching and CH2 symmetric rocking), confirmed the presence of PEO at the fiber surface.
On the other hand, the characteristic peaks of N-H stretching vibration (3380 cm −1 ), C-H stretching vibration (3100 cm −1 ), C = O stretching (1625 cm −1 ) C-N stretching and N-H in-plane bending (1513 cm −1 ) from SF 32, 33 were not found, indicating that SF was well encapsulated in the core.
Release profile of electrospun SF-CTGF/PLCL-PEO-FGF2 coaxial nanofibrous scaffolds.
The release profile of growth factors from core and shell was studied by ELISA assay (Fig. 3C) . With reference to the shell-loaded FGF-2, there was an initial burst release of 37.6 ± 1.8% within the beginning 8 h. Then, the release slowed down to around 5-8% of release per day in the first week. At 7d, the accumulated amount released reached 81.7 ± 2.6%. After day 7, the release profile exhibited a decelerating release rare of below 1% per day, and the accumulated amount of FITC-FGF-2 released from the shell reached 91.6 ± 1.8% at day 14. With reference to the CTGF that was incorporated in the core, much less burst was observed compared to FGF-2, resulting accumulatively 10.1 ± 0.9% of release was obtained at the beginning 3 days, which was followed with a sustained, steadily release, where the accumulative release at day 14 was only 23.1 ± 0.6%.
Cytocompatibility and proliferation of rMSCs on SF/PLCL-PEO nanofibrous scaffolds.
To assess cytotoxicity of different scaffolds on rMSCs, live/dead staining and LDH assay were performed. Cell viability was visualized by live/dead staining after 1 day culture on the scaffolds (Fig. 4A-D) . It is shown that rMSCs were adhered and spread on the scaffolds, except that group of SF/PLCL-PEO and SF-CTGF/PLCL-PEO presented cluster cells, which could be attributed to the non-adherent nature of PEO; while the groups containing FGF-2 showed improved spreading, which is consistent with the literature 34 .
The number of live and dead cells were counted, and a viability of ~85% was observed with no statistical differences among all groups, confirming the biocompatibility of all the groups (Fig. 4E) . In parallel, LDH overall values around 10% with no significant differences between these four scaffolds and TCP confirmed that all scaffolds provide biocompatible environments for cells. Interestingly, a significant difference was found between SF-CTGF/ PLCL-PEO and SF-CTGF/PLCL-PEO-FGF2, suggesting the important role of FGF-2 in the initial cell adhesion and spreading which is consistent with the literature 34 (Fig. 4F) .
To further evaluate the effect of nanofibrous scaffolds on rMSCs proliferation, CCK-8 assay was conducted at day 1, 3 7 and 14 (Fig. 4G) . At both day 1 and day 3, significantly lower values were observed among the fiber groups compared to TCP, except the group of SF/PLCL-PEO-FGF2 showed comparable value to TCP. At both day 7 and day 14, cells on both SF/PLCL-PEO-FGF2 and SF-CTGF/PLCL-PEO-FGF2 showed significantly higher proliferation than that of SF/PLCL-PEO, confirming FGF-2's positive role in MSCs' survival and proliferation. No obvious proliferation was observed for all fiber groups of scaffolds at day 3 compared to day 1; while significantly higher proliferation rates were found on all fiber groups except SF/PLCL-PEO compared to TCP at day 7; at day 14, all the fiber groups supported faster proliferation than TCP, confirming the 3D cell culture environment. Besides the lower cell confluency upon seeding on 3D fibers, the delayed proliferation compared to TCP could be attributed to PEO as non-adherent substrate.
Effect of electrospun SF/PLCL-PEO nanofibrous scaffolds on rMSCs differentiation. To under-
stand the influence of four groups of scaffolds on rMSCs differentiation, gene and protein expressions of cells were evaluated through qPCR and immunocytochemistry. The RNA expression levels of fibrogenic markers FSP1, COL1 and VIMENTIN were tested after 1 week cell culture on the scaffolds, along with chondrogenic marker COL2, osteogenic marker OC and adipogenic marker AP2. The qPCR results show that the RNA expression levels of FSP1 were significantly higher in the groups containing GFs, especially SF-CTGF/PLCL-PEO-FGF2 (with P < 0.005), than that in the group of SF/PLCL-PEO (Fig. 5A ). In addition, cells on CTGF loaded groups, particularly SF-CTGF/PLCL-PEO-FGF2 (with P < 0.005), exhibited a marked up-regulation of COL1 and VIMENTIN expression in comparison to cells on SF/PLCL-PEO, (Fig. 5B,C) . In parallel, the expression levels of COL2, OC and AP2 in all groups were comparable to or lower than (with no significances) those in the group of TCP (Fig. 5D-F) . In comparison, control experiments of rMSCs under chondrogenic, osteogenic and adipogenic induction showed their retained multi-potency ( Fig. S3 ), demonstrating SF-CTGF/PLCL-PEO-FGF2 accelerates the differentiation of rMSCs into fibroblasts while alleviates chondrogenesis, osteogenesis and adipogenesis.
The immunocytochemistry analysis (Fig. 6) shows that cells on the SF-CTGF/PLCL-PEO-FGF2 expressed significantly higher amount of FSP1, suggesting the synergy of the dual-delivered CTGF and FGF-2 on fibroblastic differentiation of MSCs, which is also consistent with the qPCR results (Fig. 5A ).
Discussions
Coaxial electrospinning or core-shell electrospinning using two concentric needles is a sophisticated technology for the fabrication of scaffolds that can provide the sustained release of incorporated growth factors 35, 36 . The core of coaxial electrospinning facilitates the incorporation and preservation of bioactive substances 37 , whereas the shell was often used to protect sensitive substances encapsulated in the core. In our study, it is for the first time reported that a dual-delivery system, using coaxial electrospun fibers of PLCL/PEO/BSA/FGF2 solution as the shell fluid and SF/BSA/CTGF solution as the core fluid, could both enrich MSCs and direct their fibrogenic differentiation. Silk Fibroin (SF) provides interesting biomaterials for tissue engineering and drug delivery system due to their non-immunogenicity, biocompatibility, and biodegradability 38 . They have been demonstrated to be efficient in delivering BMP-2 39 and nerve growth factor (NGF) 40 with the controlled release kinetics for MSC chondrogenesis and neuron regeneration, respectively. Here, SF was used to deliver CTGF from the core of the coaxial fibers. BSA, co-encapsulated with either FGF-2 or CTGF, functions as a protective agent and protein stabilizer to preserve growth factors 41 . The shell of electrospun coaxial fibers, on the other hand, was composed of PLCL and PEO. PLCL is a hydrophobic biodegradable polymer. Deploying PLCL as the shell will serve a diffusion barrier for the CTGF incorporated in the SF core, which would consequently slow down the release of CTGF. Hydrophilic PEO was added to hydrophobic PLCL to not only speed up the diffusion process for FGF-2 release from the shell, but also suppress protein adhesion for creating an inert cell-material interface for evaluating the effects of the released growth factors.
A temporarily sequential release of FGF-2 and CTGF were successfully achieved in this manner (Fig. 3C) . The release mechanism is a diffusion/dissolution-controlled, matrix/reservoir combinatory system. FGF-2 is embedded in a dissolving matrix made of PLCL and PEO, where PEO is water-soluble (will gradually dissolve) and PLCL is hydrolytic (will gradually degrade). The release of FGF-2 is dissolution controlled; the dissolution rate depends on the molecular weight of PEO (the smaller, the faster), composition of monomer L/CL ratio in PLCL (the more of L, the faster) and the rate of dissolution fluid penetration into the matrix, which can be controlled by the ratio between PEO and PLCL (the more PEO, the faster dissolution fluid penetration). CTGF is embedded in SF matrix core and then further entrapped in the PLCL-PEO shell as a matrix/reservoir combinatory system. The release rate of CTGF is both dissolution and diffusion controlled, which depends on the water penetration through the PLCL/PEO shell (the thinner, the faster) and the SF core (the more β-sheet composition, the slower) to enable CTGF diffuse through the swollen network into the external environment. Consequently, unlike a burst release of FGF-2, CTGF shows a rather prolonged steady release.
The burst released FGF-2 from the shell was capable of enhancing initial MSC cell adhesion and spreading (Fig. 4A-D) which is consistent with previous studies 42 . Better initial adhesion and spreading could have important significance for tissue engineering, which could affect the subsequent bioactivity of cells on scaffolds 43 , and this is further proven by the proliferation assay (Fig. 4G) .
Here, our hypothesis is that after the enrichment of MSCs under stimulation of burst released FGF-2, the sequentially released CTGF from the core would direct MSCs' fibrogenic differentiation. CTGF contains the four modules that are characteristic of the CCN protein family (growth factor binding, integrin recognition, heparin/proteoglycan interaction(s), and a dimerization) and resembles domains within ECM proteins. It is therefore defined as a matricellular protein that bridges the functional division between structural extracellular macromolecules to interact with integrins and growth factors (such as bone morphogenetic protein-4, transforming growth factor-β). Although the mechanism is not clearly understood yet, there is emerging evidence that it also acts as an essential mediator for skeletogenesis in development. Here, the sustained release of CTGF from the core effectively directed fibrogenic differentiation of MSCs (Figs 5 and 6) confirming its active role in MSC fibrogenesis 17 .
Apart from maintaining MSCs proliferation potential, FGF-2 has also been reported with different effects on MSC fate regulations when accompanied with different growth factors 44 , such as a continuous or high concentration of exogenous FGF-2 repressed bone-specific gene expression 45, 46 , whereas endogenous FGF-2 is essential for osteogenesis 7 . Here when accompanied with CTGF, FGF-2 has shown a slightly additive effect on fibrogenic differentiation of MSCs (Figs 5 and 6) .
Collectively, in this study the dual-delivery of CTGF and FGF-2 in a core-shell nanofibrous vehicle synergistically enhanced enrichment and fibroblastic differentiation of rMSCs in vitro. Here rMSCs were used in order to facilitate our follow-up in vivo animal study for pelvic floor repair using a rat abdominal wall defect model. Indeed human MSCs could be more relevant and significant towards clinical translation, and immune-deficient animal models should be applied. Keeping in mind that the in vivo environment is far more complex, the release kinetics should be further optimized by modulating each elements in this specific matrix/reservoir combinatory system, including the molecular weight of PEO, the monomer ratio of PLCL, the ratio of PLCL and PEO and the flow rate of core and shell solution for adjusting the thickness and permeability of the shell, and the β-sheet composition of SF for tuning the affinity and permeability of the core.
Conclusions
Overall, this study demonstrates that dual-delivery of CTGF and FGF-2 from a core-shell fiber of SF/PLCL-PEO enhanced fibrogenic lineage differentiation of MSCs. The core-shell structure was confirmed by fluorescence microscopy and ATR-FTIR. Burst release of the FGF-2 and sustained release of CTGF were successfully achieved in this manner. FGF-2 plays an important role in stem cell survival and proliferation and, meanwhile when accompanied with CTGF, has a slightly additive effect on fibrogenic differentiation of MSCs, whereas CTGF promotes fibrogenesis and inhibits osteogenesis, chondrogenesis and adipogenesis. The work should provide instructive insights towards the improvement of stem cell transplantation for connective tissue regeneration.
